The simultaneous biosorption of chromium(III) and copper(II) ions onto Sargassum sp. alga in a fixed-bed column reactor was investigated. Experiments were undertaken to determine the effect of the feed concentration (1, 2, 3 and 6 mequiv/ᐉ) and the composition of the metal ion solution [0.25, 0.50 and 0.75 Cu(II)/Cr(III) ratio] on the behaviour of the breakthrough curves. A mathematical model was applied to describe the biosorption in a fixed-bed column. Equilibrium was described in this model in terms of a binary Langmuirtype adsorption process, together with mass transfer in the biosorbent based on the Linear Driving Force (LDF) model. The partial differential equations for the system were solved numerically by the finite volume method. The proposed mathematical model for the biosorption process provided a satisfactory description of the dynamics of metal ion removal in the column relative to the experimental data obtained. The adsorptive capacity of the biomass for Cr(III) ions in the binary system was greater than that for Cu(II) ions. The developed model could provide a useful tool for the optimization of Cr(III) and Cu(II) ion removal processes by Sargassum sp. biomass and the design of the corresponding fixed-bed columns.
INTRODUCTION
The development of techniques for the removal of inorganic pollutants, such as toxic metal ions and nutrients containing nitrogen and phosphorus from aqueous solutions, is one of the most important issues for environmental processes (Oda et al. 2008) .
Industrial wastewater, which is generated from several categories of industries such as mining, electroplating, tanneries, metallurgical processing, plastics and agrochemicals, contains considerable amounts of dissolved heavy metals that would endanger public health and the environment if discharged without suitable treatment (Saeed and Iqbal 2006) . Heavy metals are elements which have high atomic densities usually associated with toxicity, such as Pb, Hg, Cr, Ni, Cd, Cu and Zn. They are not biodegradable and tend to accumulate in living organisms, causing various diseases and disorders (Barros et al. 2001) . The concentration of metal pollutants in wastewaters varies to a large extent not only with the type of wastewater but also with time.
Cr(VI) (Tewari et al. 2005; Gurbuz 2009 ). Although Cr(III) is less toxic than the hexavalent variety, long-term exposure to trivalent Cr(III) has been linked to allergic skin reactions and cancer. Although Cu(II) does not cause such severe toxicity in human being, its presence in the environment is of great concern due to its extensive use by several industries.
Biosorption has been especially applied to the treatment of synthetic solutions containing only one metal ion. However, the removal of a particular metal ion can be influenced by the presence of other ions. Since industrial effluents often contain several species of pollutant compounds, multi-component systems need detailed study. Furthermore, the results obtained with singlespecies systems cannot be used to predict the behaviour of binary systems (Silva et al. 2003) . Biosorption selectivity is a fundamental aspect of column projects and separation reactors in multi-component systems. Many publications have reported metal ion removal using different types of biomass in a fixed-bed column; however, the majority relate to one-component systems.
The application of biosorption on an industrial scale requires studies on multi-component systems. The work described in this paper involved the development and modelling of the biosorption of Cr(III) and Cu(II) ions in fixed-bed columns containing Sargassum sp. seaweed. The effect of the feed solution and its composition on the breakthrough curves has been investigated. The equilibrium thereby established was modelled mathematically using the binary Langmuir-type isotherm together with mass transfer in the biosorbent based on the Linear Driving Force (LDF) model.
EXPERIMENTAL

Biomass
The biomass used in this work was Sargassum sp. seaweed. The procedure employed for the preparation of the biomass was as follows. First, the biomass was washed with tap water and then rinsed with distilled water, following which the biomass material was dried at 60 ºC for 24 h. The dried seaweed was then chopped and sieved to obtain different fraction sizes. Finally, dried particles with an average diameter of 2.2 mm were selected for subsequent experiments.
Preparation of Cr(III) ion solutions
Chromium(III) ion solutions were prepared by dissolving chromium(III) potassium sulphate [CrK(SO 4 ) 2 •12H 2 O] as obtained from Merck in distilled water. The resulting concentration of Cr(III) ions was expressed in mequiv/ᐉ units. The predominant ionic form of Cr(III) in the aqueous solution was CrOH 2+ (Kratochvil and Volesky 1998; Silva et al. 2004 ).
Preparation of Cu(II) ion solutions
Copper(II) ion solutions were prepared by dissolving copper(II) sulphate salt [Cu(SO 4 ) 2 •5H 2 O] as obtained from Merck in distilled water. The concentration of copper(II) (Cu 2+ ) ions in the resulting solution was also expressed in mequiv/ᐉ units.
Fixed-bed column biosorption: preparation and operation
Continuous-flow sorption experiments were carried out employing a stainless-steel column of 2.8 cm i.d. and 50 cm height. Biomass was introduced into the fixed-bed column to a height of 30.6 cm and then saturated with distilled water over a period of 12 h. Such a hydration procedure was necessary because the ability of the biomass to absorb considerable amounts of water greatly increased the volume of the fixed bed. After such hydration, the water was strained off from the biomass, which was re-distributed in the column to attain a fixed-bed height of 30.6 cm. Finally, the biosorbent was exposed to a final washing with distilled water, which was allowed to flow through the column for a further period of 12 h.
The feed solution containing the binary mixture was introduced into the bottom of the column by means of a peristaltic pump (Cole Parmer 6-600 rpm) at a volumetric flow rate of 6 cm 3 /min. Experiments were undertaken at pH 3.5 employing solutions of 1, 2, 3 and 6 mequiv/ᐉ concentration containing varying proportions of ions (25%, 50% and 75%). The temperature of the feed solution was controlled at 30 ºC through the use of a thermostatic bath (Marconi). Samples of effluent from the column were collected at known time intervals, with the concentration of both metal ions in each sample being determined by atomic absorption spectrophotometry (Varian SpectrAA-10 plus instrument).
Calculation of the capacity of the biosorption column
The equilibrium biosorption capacity, q j * , for each of the two ions present in the effluent solution was calculated from the experimental breakthrough data via equation (1):
(1)
The integral involved in the above equation was solved by numerical methods.
Determination of the fixed-bed porosity
The fixed-bed porosity (ε) was determined by measuring the unfilled volume of the column by filling the fixed bed with distilled water. At the end of each experiment, any residual liquid remaining in the column was removed by draining from the bottom over a period of at least 24 h. In subsequent experiments, the column was fed with a defined volume of distilled water taken from a reservoir using a peristaltic pump (Cole Parmer). For each experiment other then the first, the volume of water necessary to fill up the bed was determined from the difference between the initial volume of the water reservoir and the volume remaining after filling up the bed. The fixedbed porosity (ε) was calculated from equation (2):
where V V is the fixed-bed void volume and V L is the bed volume.
MATHEMATICAL MODELLING
The design and optimization of a fixed-bed column are difficult to undertake in the absence of a quantified evaluation using a mathematical model. Validation of such a model is usually carried out via curve-fitting of the experimental data obtained on a laboratory scale (Borba et al. 2006) .
Although biosorption generally involves several mechanisms, the principal mechanism is ion exchange. Adsorption models have frequently been used to represent the dynamics of ion removal in fixed-bed columns, with mass balances involving the concentration of ions taken up by the adsorbent being taken into account in the development of such models. Because several ionic species may be released during the removal of metal ions by biosorption processes, this could cause difficulties in applying models to describe the ion-exchange mechanism involved. However, this problem does not arise in those cases where the liberated ions exhibit a very low affinity to the adsorbent, because the presence of such ions in the solution has no significant effect on metal ion removal.
During the development procedure for models which describe the breakthrough curves, the following information is necessary: (i) equations which provide a precise description of the adsorption/ion-exchange equilibrium data and (ii) a valid hypothesis concerning the predominant mass-transfer mechanisms involved in the process. Most models only take one limiting stage for the adsorption process into consideration, thereby reducing the number of equations involved and making their solution easier. However, apart from the mathematical model itself, another necessary condition (but not the only one) for appropriately describing the dynamics of the sorption process in the fixed-bed column is that the mathematical relationships obtained (adsorption isotherms, ion-exchange isotherms, mass action law) must correspond to the equilibrium state in the column. In addition, in the design of any ion-removal system, it is first necessary to select an adsorbent material whose sorption capacity may be evaluated via experimental data or equilibrium relationships (Silva et al. 2003) .
Several mathematical models representing the adsorption dynamics and ion exchange in a fixedbed column have been published. Of these, the models advanced by some authors (Bohart and Adams 1920; Thomas 1943; Wolborska 1989; Clark 1987) lead to analytical solutions which are restricted to the description of one-component systems. Other empirical models that have been used to represent the removal dynamics of single metallic species in a fixed stream bed column include those of Belter et al. (1988) and Chu (2004) . Models representing adsorption and ion-exchange processes in multi-component systems are available elsewhere (Dranoff and Lapidus 1958; Klein et al. 1967; Hsieh et al. 1977; Omatete et al. 1980; Trujillo et al. 1991; Tan and Spinner 1994; Lo and Alok 1996; Ernest Jr. et al. 1997; Kratochvil and Voleksy 2000; Naja and Volesky 2006) .
A simplified model developed by Klein et al. (1967) and Tondeur and Klein (1967) called the Equilibrium Column Model (ECM) has been employed by other workers for representing the dynamics of multi-component ion-exchange processes. This model assumes that mass-transfer resistances may be considered negligible and that the activity coefficients of the ions in solution and those adsorbed onto the column may put equal to one, i.e. that ideal mass action conditions apply. Kratochvil and Volesky (2000) have applied the ECM to represent the removal dynamics of copper(II), zinc and cadmium ions in a fixed-bed column using the marine algae biomass Sargassum sp. in the calcium ion form as a biosorbent. However, because of the simplifications involved in the hypotheses, the model was only capable of supplying semi-quantitative information about the order in which toxic metals were eluted from the column.
In the present work, an adsorption model where consideration is taken of the mass balances of the fluid phase and the biosorbent (solid phase) was developed to represent the dynamics of the removal of Cu(II) ions in a fixed-bed column using Sargassum sp. biomass from marine algae as the biosorbent. The following assumptions were made during the model development procedure:
• the process was isothermal; • the fixed bed had a constant porosity;
• the adsorption process occurred on the adsorbent surface; and • radial and axial dispersion phenomena were negligible.
Hence, the mass balance equation for the ionic species, j, in the fluid phase may be expressed according to equation (3): ( 3) with the following initial and boundary conditions [equations (4) and (5)]: (4)
On the basis of the results obtained by Silva et al. (2002) and Cossich (2000), the axial dispersion effect was not taken into consideration in the model. Analyses of the sensitivity of the model parameters have demonstrated that the axial dispersion effect in the breakthrough curves for the biosorption of Cu(II) ions (Silva et al. 2002) and Cr(III) ions (Cossich 2000) is insignificant. The mass-transfer mechanisms occurring in the adsorption process may be listed as follows:
(i) ion diffusion in the liquid film; (ii) superficial adsorption onto the microporous particles; (iii) ion diffusion in the microporous particles.
The mass-transfer mechanism in the solid phase may be considered as molecular diffusion and may be represented by Fick's second law. To simplify the solution of the system of differential equations, some authors have applied this law rather than simpler kinetic expressions (Glueckauf 1955; Stuart and Camp 1967) . The mass transfer of ion in the biosorbent was described by the LDF (Linear Driving Force) model as represented by equation (6): (6) In this equation, it is assumed that the mass-transfer driving force is linear with the difference in concentration of the metal in the biosorbent (q j ) relative to the equilibrium concentration (q * j ) being involved.
To solve the mathematical model for the column, it is necessary to ascertain the adsorption isotherm relating to equilibrium concentrations of metallic ions in both the fluid phase and on the biosorbent surface. Modelling of the equilibrium data is fundamental to any industrial application of a biosorption process (Luna et al. 2007) . Identification of the model parameters for multicomponent isotherms is based on the equilibrium experimental data of the evaluated system. However, prediction of the adsorbed amounts in binary systems based on information for the corresponding one-component systems does not generally produce satisfactory results, due to the complex interactions between the species in the solution and because of competition for occupation of the active sites on the adsorbent surface.
The models derived from the Langmuir and Freundlich isotherms are those most generally used to represent biosorption data in multi-component systems (Ma and Tobin 2003) . The main assumptions of the Langmuir model are: (i) the adsorption process leads to monolayer formation on the adsorbent surface; (ii) all adsorption sites on the adsorbent surface possess the same adsorption energy; and (iii) adsorption is independent of the occupation of neighbouring sites. The Langmuir model can be expressed mathematically by the following equation:
where q m is the maximum metal ion uptake by the biosorbent, and b 1 and b 2 are the multi-component Langmuir constants for the metallic species 1 and 2, respectively. The magnitudes of these parameters provide an indication of the affinity between the metal ions and the biosorbent.
In their studies, Chong and Volesky (1995), Sánchez et al. (1999) and Ma and Tobin (2004) used an originally developed model which described non-competitive inhibition in enzymatic kinetic studies. The hypotheses which were applied to obtain this model assume the formation of the complex B-M 1 -M 2 , where B is the biosorbent and M 1 and M 2 are the concentrations of species 1 and 2. The high value of the K parameter in equations (8) and (9) indicates the domination of the formation of the complex B-M 1 -M 2 . The quantities q m , b 1 and b 2 in these equations have the same meanings as in the Langmuir model:
Introduction of the constants k 1 and k 2 as powers in the numerator and denominator of the Langmuir isotherm leads to the Langmuir-Freundlich isotherm (Ruthven 1984) , which can be written as:
The original model of the Langmuir isotherm suggested that the chemical species M 1 and M 2 competed for the same sites. However, Jain and Snoeyink (1973) proposed an adsorption model for binary mixtures based on the hypothesis that the adsorption process occurs without competition when the adsorption capacity of the pure species is distinct, i.e. when q m 1 ≠ q m 2 . When q m 1 > q m 2 , the total number of available sites for biosorption is equal to the value of the parameter q m 1 . When competition occurs, the fraction of sites exclusively occupied by the metallic species M 1 is given by the difference ( q m 1 -q m 2 ) /q m 1 . The fraction of sites where competition between the species exists is given by the ratio q m 2 /q m 1 . The mathematical model proposed by Jain and Snoeyink may be expressed by equations (11) and (12) 
The model developed by Jain and Snoeyink (1973) has been used to predict the equilibrium sorption behaviour of an activated carbon in binary systems. The parameter values of the Langmuir, Langmuir-Freundlich isotherms, Langmuir with inhibition and Jain and Snoeyink models have been determined through a search for the minimum of the following objective function [equation (13)]:
where n is the number of experimental data, q * EXP is the experimentally determined equilibrium concentration of the metal ion in the biosorbent, q * MOD is the model equilibrium concentration of the metal ion in the biosorbent, while index 1 relates to the Cr(III) ions and index 2 relates to the Cu(II) ions. The SIMPLEX method for local optimization developed by Nelder and Mead (1965) was used to determine the minimum of the objective function given by equation (13). The isotherm model which includes the minimum value of the objective function was used to model the dynamics of the biosorption process in the column.
The mathematical model representing multi-component sorption dynamics in a fixed-bed column [see equations (3)-(6)] was solved by the finite volume method. Silva (2001) has presented detailed mathematical descriptions for solving the system equations.
RESULTS AND DISCUSSION
The biosorption of Cr(III) and Cu(II) ions by Sargassum sp. alga in a fixed-bed column was studied at a temperature of 30 ºC, a solution pH value of 3.5 and volumetric flow rate of 6 mᐉ/min. Table 1 lists the results for the removal capacities of Sargassum sp. seaweed biomass towards Cr(III) and Cu(II) ions as determined by applying equation (1) to the experimental breakthrough data. The experimental equilibrium data for a binary mixture of Cr(III) and Cu(II) ions presented in Table 1 have been used to fit the isotherm models and determine their respective parameters which are listed in Table 2 . Ma and Tobin (2003) have investigated the biosorption of a binary mixture of Cr(III) and Cu(II) ions under batch conditions at temperatures in the range 22-25 ºC and at a pH value of 4, when the maximum adsorption capacity of the biosorbent was shown to be ca. 0.43 mol/g. High values of the constant K in the Langmuir model with inhibition indicate a preference for complex formation of the type B-M 1 -M 2 , corresponding to occupation of biosorbent sites by both metal ion species. Employing this model in the present study, it was observed that the value of K was larger than that of b 2 (see Table 2 ), indicating that the formation of the complex B-M 1 -M 2 was more favourable than that of B-M 2 , i.e. that which corresponds to the exclusive occupation of adsorption sites by species 2, but less favourable than that of B-M 1 , i.e. that which corresponds to the exclusive occupation of adsorption sites by species 1. For the Langmuir-Freundlich isotherm model, the value of k 2 obtained was close to unity, while the obtained value of k 1 deviated significantly from unity. Values of the constants k 1 and k 2 close to unity indicate that this model is similar to the original Langmuir model. The isotherm adsorption model developed by Jain and Snoeyink is based on the assumption that part of the adsorption process is not competitive. The fraction of Cr(III) ions adsorbed without competition from the Cu(II) ions is proportional to the ratio ( q m 1 -q m 2 ) /q m 1 and equates to 30%; the remaining fraction of Cr(III) ions competes with the Cu(II) ions for adsorption sites. To perform the model simulations for the biosorption processes of the two metal ions in the column, it is necessary to obtain information about the equilibrium relation between the phases, the bed height, the bed density, the bed porosity, the volumetric flow rate, the feed concentration, the interstitial velocity and values of the mass-transfer coefficients in the solid phase. The equilibrium between the phases was described through the use of the Langmuir isotherm model with inhibition [see equations (8) and (9)] and used to model the column behaviour. This isotherm model was selected as being the most suitable since it gave the smallest value for the objective function during the parameter identification procedure, as shown in Table 2 . The operational column parameters and conditions are listed in Table 3 . Langmuir q m = 2.73 mequiv/g; b 1 = 23.4 ᐉ/mequiv; 1.86 b 2 = 6.58 ᐉ/mequiv Langmuir with inhibition q m = 2.68 mequiv/g; b 1 = 2294.87 ᐉ/mequiv; 1.04 b 2 = 366.18 ᐉ/mequiv; K = 405.65 ᐉ 2 /mequiv 2 Langmuir-Freundlich q m = 2.67 mequiv/g; b 1 = 210.77 ᐉ/mequiv; 1.27 b 2 = 60.87 ᐉ/mequiv; k 1 = 0.51; k 2 = 0.96 Jay and Snoeyink a q m 1 = 2.72 mequiv/g; q m 2 = 1.91 mequiv/g; 1.72 b 1 = 25.57 ᐉ/mequiv; b 2 = 12.15 ᐉ/mequiv a Subscript 1 relates to Cr(III) ions while subscript 2 relates to Cu(II) ions.
The mass-transfer coefficients for Cr(III) and Cu(II) ions were calculated through the use of equations (14) and (15), these correlations having been obtained previously by Silva et al. (2002) and Silva (2001) . The operational conditions (temperature, volumetric flow rate, bed height, porosity and fixed-bed density) for which the correlations were obtained were identical to those used in the present study. These correlations were obtained from studies of the biosorption of individual Cr(III) and Cu(II) ions in a fixed-bed column using Sargassum sp. as the biosorbent.
K s 1 = 0.310 × 10 -3 + 0.427 × 10 -3 C 1 (14) K s 2 = 0.788 × 10 -3 + 0.540 × 10 -3 C 2
where C j was expressed in mequiv/ᐉ and K s 1 was in min -1 ; once more, index 1 corresponds to Cr(III) ions and index 2 to Cu(II) ions. Figures 1-4 display the comparative breakthrough curves for Cr(III) and Cu(II) ions obtained experimentally and simulated by the model mentioned above. As can be seen, representation by the model of the dynamics of Cr(III) ion and Cu(II) ion biosorption in a fixed-bed column was satisfactory. However, it is important to note that, in order to simulate the breakthrough curves of the binary mixture, the values of the overall mass-transfer coefficient in the biosorbent were calculated using correlations that had been obtained from the experimental data for the removal of the individual ions in fixed-bed columns. The model also successfully described the removal of the individual metal ions in fixed-bed columns using Sargassum sp. as a biosorbent (Kratochvil and Volesky 1998; Silva et al. 2002; Naja and Volesky 2006) and zeolite (Gazola et al. 2006) .
The shape of the breakthrough curve can also be used to identify the affinity of an ion to the adsorption sites on the adsorbent. During the removal of ions from a binary mixture onto a fixedbed column, the first species that saturates in the column is that which has the least affinity with the biosorbent material. In some cases, the concentration of the species exhibiting the smaller affinity at the column outlet can be greater than that in the feed concentration, indicating that during the adsorption by the biosorbent of the ionic species with the greater affinity an expulsion of ions from sites with the lesser affinity occurs.
Such overshoots have been reported in the literature for a variety of metal ions and biomasses (Kratochvil and Voleksy 2000) . The experimental data for the breakthrough curves presented in Figures 1-4 show such an overshoot was observed in the majority of cases studied in the present 460 E.A. Silva et al./Adsorption Science & Technology Vol. 28 No. 5 2010 work. This behaviour is affected by the total concentration of ions employed, but even occurred to a small extent when the solution concentration was 6 mequiv/ᐉ. However, the model employed anticipated such overshoot behaviour for the experimental breakthrough curve. The experimental results for the removal of Cr(III) and Cu(II) ions from a binary mixture presented in Figures 1-4 show that Sargassum sp. biomass exhibited a greater affinitiy for the Cr(III) ion relative to the Cu(II) ion. This result is in agreement with the results obtained by Silva et al. (2003) , where the removal of Cr(III) and Cu(II) ions in a batch system was investigated. Silva et al. (2002) also investigated the removal of Cu(II) ions by Sargassum sp. biomass and employed three adsorption rate models, viz. empirical, control by mass transfer in the adsorbent and control by mass transfer in the liquid film, to interpret the results. The model which considered mass transfer in the biosorbent as the limiting stage showed the best fit to the dynamics of the Cu(II) ion sorption process. In the present work, the LDF model has been shown to provide a good representation of the experimental breakthrough curve data for the removal of Cr(III) and Cu(II) ions under the conditions investigated. The hypothesis that mass transfer in the biosorbent is the controlling step has been proven. The developed model may be used for the optimization of separation processes and fixed-bed columns design. The marine algal biomass of Sargassum sp. has been shown to perform as an efficient biosorbent and may be used on an industrial scale for the removal of Cr(III) and Cu(II) ions from their binary aqueous mixture.
CONCLUSIONS
The biosorption process of Cu(II) and Cr(III) ions from a binary aqueous mixture via Sargassum sp. brown alga in a fixed-bed column at a temperature of 30 ºC and a pH value of 3.5 is described. The equilibrium data for the binary system may be represented by isotherm models derived those original advanced by Langmuir and Freundlich. The LDF mathematical model was applied to represent the dynamics of the removal process from the multi-component system with the main results obtained being summarized as follows:
1.
Marine Sargassum sp. algal biomass was shown to be an efficient adsorbent for the removal of Cu(II) and Cr(III) ions from a binary aqueous mixture of these ions.
2.
The adsorptive capacity of the biomass towards the Cr(III) ions in the binary system was greater than that for Cu(II) ions.
3.
The maximum Cu(II) and Cr(III) ion uptake by the biosorbent was 2.67 mequiv/g.
4.
The LDF mathematical model gave a good description for the dynamics of Cr(III) and Cu(II) ion biosorption in a fixed-bed column. 5.
The mathematical model applied was efficient and robust, and may be used for the design of industrial-scale biosorption systems in fixed-bed columns and for the optimization of the operational conditions. NOMENCLATURE b j modified Langmuir isotherm constant (ᐉ/mequiv) C j concentration of species j in the bulk fluid phase (mequiv/ᐉ) K modified Langmuir isotherm constant (ᐉ 2 /mequiv 2 ) K sj overall mass-transfer coefficient of species j in the biosorbent (min -1 ) L bed length (cm) m s dry weight of biomass (g) Pe
Peclet number for the bed (Lu/D L ) q j adsorbed concentration of species j in the algal biomass (mequiv/g) q m modified Langmuir isotherm constant (mequiv 2 /g 2 ) Q
. volumetric flow rate (cm 3 /min) t time (min) u interstitial velocity (cm/min) V volume of solution (ᐉ) V L fixed-bed volume (ᐉ) V V void volume (ᐉ) x j equivalent fraction of species j in the solution z axial coordinate (cm)
Greek symbols ε column void fraction ρ b fixed-bed density (g/ᐉ) τ dimensionless time coordinate, t/L ξ dimensionless axial coordinate, z/L Superscripts * equilibrium state S outlet to column F feed 0 initial conditions (t = 0) Subscripts 1 C r(III) ion 2 Cu(II) ion
